To clarify the pathomechanisms of discogenic low back pain, the sympathetic afferent discharge originating from the L5-L6 disc via the L2 root were investigated neurophysiologically in 31 Lewis rats. Sympathetic afferent units were recorded from the L2 root connected to the lumbar sympathetic trunk by rami communicantes. The L5-L6 discs were mechanically probed, stimulated electrically to evoke action potentials and, finally, treated with chemicals to produce an inflammatory reaction. We could not obtain a response from any units in the L5-L6 discs using mechanical stimulation, but with electrical stimulation we identified 42 units consisting mostly of A-delta fibres. In some experiments a response to mechanical probing of the L5-L6 disc was recognised after producing an inflammatory reaction. This study suggests that mechanical stimulation of the lumbar discs may not always produce pain, whereas inflammatory changes may cause the disc to become sensitive to mechanical stimuli, resulting in nociceptive information being transmitted as discogenic low back pain to the spinal cord through the lumbar sympathetic trunk. This may partly explain the variation in human symptoms of degenerate discs.
To clarify the pathomechanisms of discogenic low back pain, the sympathetic afferent discharge originating from the L5-L6 disc via the L2 root were investigated neurophysiologically in 31 Lewis rats. Sympathetic afferent units were recorded from the L2 root connected to the lumbar sympathetic trunk by rami communicantes. The L5-L6 discs were mechanically probed, stimulated electrically to evoke action potentials and, finally, treated with chemicals to produce an inflammatory reaction. We could not obtain a response from any units in the L5-L6 discs using mechanical stimulation, but with electrical stimulation we identified 42 units consisting mostly of A-delta fibres. In some experiments a response to mechanical probing of the L5-L6 disc was recognised after producing an inflammatory reaction. This study suggests that mechanical stimulation of the lumbar discs may not always produce pain, whereas inflammatory changes may cause the disc to become sensitive to mechanical stimuli, resulting in nociceptive information being transmitted as discogenic low back pain to the spinal cord through the lumbar sympathetic trunk. This may partly explain the variation in human symptoms of degenerate discs.
Lumbar intervertebral discs are recognised as one of the major sources of low back pain. Elucidating the sensory innervation of the lumbar intervertebral disc and its adjacent tissues is important in understanding the mechanism of discogenic low back pain. It is accepted that lumbar intervertebral discs are innervated segmentally, with sinuvertebral nerves branching from the nerve fibres of the lumbar spine and the rami communicantes of the corresponding levels. [1] [2] [3] Recently, it has been demonstrated in rats that the sinuvertebral nerves proceed into the paravertebral sympathetic trunk through the rami communicantes. 2, 4 Several immunohistological studies in the rat 5-7 using retrograde neurotracer methods have shown innervation of the L5-L6 intervertebral discs and adjacent tissues from neurons of the L1 and L2 dorsal root ganglia, through the paravertebral sympathetic trunk.
Similarly, it has been reported in neurophysiological studies that mechanosensitive afferent units with receptive fields in the retroperitoneal space, including ventral aspects of the lumbar intervertebral disc and psoas muscles, can run through the paravertebral sympathetic trunk. 8, 9 In addition, these units responded to mechanical and chemical stimuli such as potassium chloride, hypertonic saline solution and bradykinin, which may indicate the involvement of nociceptive units. In the gastrointestinal system, it has been demonstrated that sympathetic C-fibre afferents with low and high thresholds can encode nociceptive information, such as excessive distension and ischaemia. 10 Collectively, these studies imply that sensory information, including nociceptive stimulation from the lower lumbar intervertebral discs innervated by the sinuvertebral nerves, may be conducted by the paravertebral sympathetic trunk, via the rami communicantes, and then through the L1 and L2 dorsal root ganglia into the spinal cord. Although the sensory pathway from the lower lumbar intervertebral discs has been investigated both histologically and anatomically, the mechanisms of discogenic low back pain are still unknown.
Using neurophysiological techniques, we investigated in a rat model whether sympathetic afferent discharges originating from lower lumbar intervertebral discs and adjacent tissues pass through L2 dorsal roots as postulated and examined the properties of the afferent units.
Materials and Methods
All the surgical procedures were reviewed and approved by the Animal Investigation Committee at the institution where the experiments were carried out. The study was performed on 31 adult male Lewis rats weighing 350 to 400 g. They were sedated and anaesthetised by an intramuscular injection of ketamine hydrochloride (43 mg/kg), xylazine (7 mg/kg) and torbutrol (0.1 mg/kg). Supplementary half doses were used as required to maintain skeletal muscle areflexia to toe pinch throughout the experiment.
A midline dorsal longitudinal incision was made over the lumbar spine and the multifidus muscles were removed along the spinous processes from T13 to S1. Only on the left-side, the paravertebral muscles were detached from the lumbar vertebral bodies. The dorsal ramus of the left spinal nerve of L2 was then carefully divided and the psoas muscles were exposed. The left transverse processes of L3 and L4 were partially resected and the ventral ramus of the left spinal nerve of L2, exposed beneath the vertebral body of L3, was divided distally to the dorsal root ganglion of L2. At this point, activity from peripheral receptive fields from the dorsal and ventral rami of L2 was abolished by dividing the rami so that the spinal nerve roots connected only with rami communicantes to the sympathetic chain. This was advantageous in preventing neural activity, except for that passing through the sympathetic chain and for minimising the influence of spinal movement caused by mechanical probing.
A laminectomy from L1 to L6 was performed with fine bone rongeurs. To prevent movement of the lumbar spine, especially at the L5-L6 intervertebral disc, the animal was tightly clamped at the 13th thoracic spinous process and the sixth lumbar transverse process. The dorsal nerve root of L2 was exposed. After dividing the dura to prevent desiccation, a pool was formed from skin flaps to hold warm (37˚C) mineral oil, in which the spinal cord and nerve roots were immersed. Electrical extracellular recording. The left dorsal root of L2, detached from the spinal cord, was draped over a dualbipolar platinum recording electrode to examine the afferent units and was further divided to record from a smaller number of units (Fig. 1) . The impulses on the two channels were amplified, monitored on an oscilloscope and an audiomonitor, digitised and analysed using computer-based spike discrimination and frequency analysis software. All software was part of the Computerscope Enhanced Graphics Acquisition and Analysis (EGAA) system (R. C. Electronics, Goleta, California). To allow later detailed analysis, we also recorded the data on an analogue tape recorder (MR-30; TEAC, Montebello, California). Mechanical stimulation. Lumbar structural elements, including the dorsal aspects of the L5-L6 intervertebral discs and adjacent facets and the dorsal side of the psoas muscles from L3 to L6, were mechanically probed with blunt glass rods and a 25 gauge needle. Once the receptive fields were identified, the mechanical threshold was measured using calibrated nylon filaments with a compression magnitude ranging from 0.4 to 48.3 g (Aesthesiometer; Stoelting, Wood Dale, Illinois). The test probing was performed separately on the bony lamina to ensure that these units were not also responsive to motion of the lumbar spine. Electrical stimulation. If the disc and adjacent tissues did not respond to any mechanical stimulation, electrical stimulation with a bipolar electrical stimulator (1 to 20 V) was applied to the dorsal aspects of the L5-L6 discs and adjacent tissues, to evoke action potentials and obtain latency. Later, based on the latencies and the distance between the recording electrode and the point of electrical stimulation, conduction velocity was estimated. The mechanically receptive areas were also electrically stimulated to allow calculation of the conduction velocity. Chemical stimulation. Finally, 2% carrageenan (0.1 ml) was applied to the L5-L6 disc in 19 of the 31 rats, to induce inflammation. The change in the discharge rate and the response of the L5-L6 disc to mechanical probing were observed and recorded.
Once the neurophysiological study was complete, the rats were killed with an intraperitoneal overdose of sodium pentobarbital and death assured by the production of bilateral pneumothoraces.
Results
Responses to mechanical stimuli. For mechanical stimulation, muscle units of the psoas were observed in 12 of the 31 experiments. No systematic attempt was made to evaluate the mechanical thresholds quantitatively, because of the Experimental design of the recording of sympathetic afferent units. Afferent impulses from L2 dorsal rootlets were amplified and recorded on an FM tape recorder. L2 spinal nerve roots connected only with rami communicantes to the lumbar paravertebral sympathetic trunk. RE, recording electrode; PST, paravertebral sympathetic trunk; cutting of the dorsal and ventral rami of L2.
variable location of the receptive fields. Only three were identified at the dorsal root ganglia, whose discharge pattern was sporadic and seemed not to be directly influenced by mechanical stimulation (Fig. 2) . Consequently, we could not identify any units responding mechanically in the intervertebral disc at L5-L6. Meanwhile, spontaneous irregular bursting discharges, not responsive to any mechanical stimulation, were sometimes observed. These may be visceral sympathetic afferents (Fig. 3) . Responses to electrical stimuli. Because no distinct receptive field was detected in the discs and adjacent tissues, inter-vertebral discs were stimulated electrically to evoke the action potentials of the units. Overall, we identified 42 units with a mean conduction velocity of 7.86 ( SD 4.9) m/s (2.56 to 21.6). Most of these velocities belonged to A-delta fibres with thin myelinated axons (Fig. 4) . Responses to inflammation. In the 19 rats subjected to carrageenan-induced inflammation of the L5-L6 intervertebral disc, the spontaneous baseline discharges increased slightly in five. Simultaneously, when the L5-L6 disc was stimulated mechanically, the responses were observed regardless of an absent response prior to the application of the inflammatory agent (Fig. 5) .
Discussion
It has been reported that visceral and somatic primary afferent fibres had receptive fields in the low back region and projected stimuli centrally through the lumbar sympathetic trunk. 8, 9, 11, 12 However, these studies have not demonstrated that the intervertebral discs themselves are the source of the low back pain. Using neurophysiological methods, this experiment has confirmed the presence of a sensory pathway of sympathetic afferent discharge from the dorsal aspect of the lower lumbar intervertebral discs to the dorsal roots of L2.
Conduction velocities were estimated from latencies evoked by bipolar electrical stimulation and the distance between the recording electrode and the point of electrical stimulation on the L5-L6 discs. This procedure lacks accuracy, possibly because the course of the afferent axons could not always be exactly determined. Nevertheless, we could not identify unmyelinated fibres with conduction velocities less than 2 m/s possibly due to insufficient intensity of electric stimulation for evoking unmyelinated fibres.
In general, lumbar intervertebral discs have been considered as one of the major sources of low back pain. 13, 14 There is growing evidence that sympathetic afferents play a Fig. 2 Response of dorsal root ganglia units to mechanical stimulation. The discharge pattern was sporadic and did not seem to be directly influenced by mechanical stimulation. Black bar indicates 1 s. significant role in low back pain. Nakamura et al 15 reported a study of 33 patients in whom infiltration of the L2 nerve roots with lidocaine relieved low back pain originating at the lower lumbar levels. On the basis of their previous neuroanatomical study, in which lumbar discs were found to have innervation from the sympathetic trunk, 6 it was suggested that lumbar discogenic pain was a variety of visceral pain. Additionally, in the experimental setting, electrical stimulation of the lumbar sympathetic trunk has provoked low back pain 16 and, conversely, lumbar sympathetic block reduced low back pain. 17 The present study also showed that afferent signals originating from the L5-L6 intervertebral disc passed through the lumbar sympathetic trunk into the L2 roots and further into the spinal cord. These results suggest that lumbar discogenic pain is closely connected with the sympathetic afferent system.
Our experiment demonstrated that the L5-L6 intervertebral discs were not responsive to mechanical stimulation under normal conditions, but once inflamed by the application of carrageenan, some of these mechanically insensitive afferents did respond to mechanical stimulation. Mechanically insensitive afferents have been shown to become responsive to stimuli under pathological conditions such as inflammation in joints, 18 viscera 19 and the cornea. 20 The receptors of mechanically insensitive afferent fibres are referred to as silent nociceptors and account for approximately half of the A-delta and 30% of the C-fibre nociceptors. [21] [22] [23] [24] These silent nociceptors have been described in the digestive system, related to the autonomic nerve fibres that partially pass through the sympathetic chain. The afferent fibres innervating the colon became sensitised to mechanical stimuli during inflammation. 25 The findings of our study strongly suggest that the receptors of the intervertebral discs are silent nociceptors, which are activated under inflammatory conditions and modulate nociceptive information.
Kuslich, Ulstrom and Michael 26 found that mechanical stimulation of the annulus of an affected disc during low back operations, conducted under local anaesthesia, provoked significant pain in approximately two-thirds of the symptomatic patients. However, the absence of pain in the remaining one-third remains unexplained. Similarly, discography conducted in a group of asymptomatic patients caused pain in only 10%. 27 To explain these clinical phenomena requires characterisation of the sensory information originating from the lower lumbar intervertebral discs, which is transmitted to the central nervous system. Recently, nerve growth has been found in granulation tissue in the fissures of degenerated discs. 28 Our results may be a plausible explanation as to why mechanical stimulation to lumbar discs does not always produce pain. Inflammatory changes may cause the silent nociceptors to become responsive to mechanical stimuli, and this nociceptive information is transmitted as discogenic low back pain to the spinal cord through the sympathetic trunk.
It remains to be resolved how disc degeneration not associated with inflammation is correlated with low back pain.
Therefore, further analysis using a model of chronic disc degeneration is needed.
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